Introduction
Material development for wear resistant thin films with high hardness at elevated temperature is a long-standing technological challenge. The current workhorse material for tool coatings is TiAlN with 50 -67 at. % of Al on the metallic sublattice. TiAlN films exhibit hardness enhancement at annealing temperatures between 700 and 900 o C due to spinodal decomposition of supersaturated cubic (c)-TiAlN in to c-TiN and metastable c-AlN [1] [2] [3] .
The iso-structural domains form coherent interfaces, however the lattice coherency breakdown above 900 o C when c-AlN transforms to the thermodynamically stable wurtzite (w) phase [2] . The resulting incoherent interfaces cause hardness drop and thus limit the working envelope of the film [2] . Several approaches, such as multicomponent alloying Rachbauer et al. 2012 ), multilayering [8] , and interface coherency strain tuning [9] have been developed to enhance the stability of the metastable c-AlN with respect to wAlN. Nevertheless, there is a temperature limit around 1000 o C, above which the metastable cAlN assume its thermodynamically stable wurtzite structure [8] . In addition, a large volume expansion associated with the transformation leads to structural instability of the film and limits the application temperature envelope [10] .
In this article, we investigate an alternative design route for improving the thermal stability of AlN containing transition metal nitride (TMN) thin films. In place of the above mentioned approaches for stabilizing metastable c-AlN we propose an alternative structural archetype consisting c-TMN and thermodynamically stable w-AlN with semi-coherent interfaces. The concept originates from recent experimental studies showing films consisting of nonisostructural but semi-coherent internal interfaces that exhibit hardness values similar to films with iso-structural coherent interfaces between c-TiN and c-AlN [11] [12] [13] [14] . It exposes the fact that even though w-AlN has a lower shear resistance [15] , coatings containing w-AlN could be strengthened by growing them such that semi-coherent interfaces are formed. The current knowledge of semi-coherent growth of w-AlN is, however, limited [12, 13, 16] . Their thermal stability is yet to be studied, which we address in this article using TiN/ZrAlN as a model system.
ZrAlN is a strongly immiscible alloy with a maximum enthalpy of mixing for the composition Zr 0.4 Al 0.6 N [17, 18] , the one chosen for this study. ZrAlN undergoes segregation to its binaries ZrN and AlN during high temperature growth [11] . By adapting a multilayer structure it is shown that the crystal structure of AlN can be tuned between the cubic and wurtzite phases by varying the layer thickness [19] [20] [21] . Here we combine these phenomena to explore how the interface structure between w-AlN and either c-TiN or c-ZrN can be tuned by sandwiching the compositionally modulated structure of ZrAlN between the TiN layers. Note that the term "interface" is here used to describe layer interfaces as well as boundaries between chemically segregated domains and collectively all interfaces are called "internal interfaces".
The multilayers of TiN/ZrAlN are grown by reactive magnetron sputter deposition where the thickness of ZrAlN layer and the growth temperature is varied to switch between isostructural (c-TMN/c-AlN) and hetrostructural (c-TMN/w-AlN) coherent/semi-coherent interfaces. We have compared the relative thermodynamic stability of iso-structural and nonisostructural coherent interface structures by first principle calculations and combined it with elevated temperature annealing experiments. The results provide insight in to the interface crystallography and chemistry requirements to obtain a thermally stable nanocomposite. In addition, the effect of internal interface on the mechanical properties is investigated by performing nano hardness tests on as deposited and annealed films.
The study suggests a generic design route of enhanced thermal stability of the hard coatings by having semi-coherent c-TMN (111) /w-AlN (0001) interfaces as a structural archetype.
Instead of improving the stability of metastable phases, the approach of designing thermally stable multiphase materials with tailored interface structures provides a design concept for materials to be used at elevated temperatures and with possibility to be extended to bulk-form materials.
Experimental and calculation methods
TiN/Zr 0.43 Al 0.57 N multilayer films were deposited on MgO (001) substrates in a high vacuum dual DC magnetron sputter deposition system with a background pressure of 2 x 10 -5 Pa.
Details of the deposition chamber can be found elsewhere [22] . A pure Ti and a pre-alloyed The composition of the monolithic films was determined by elastic recoil detection analysis (ERDA) using a 40 MeV I + beam. Structural changes were characterized by X-ray diffraction (XRD) with a Panalytical Empyrian diffractometer operated in Bragg-Brentano geometry using Cu-K α radiation. Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) were performed using a FEI Tecnai G2 microscope operated at 200 kV, equipped with an energy-dispersive X-ray analysis spectrometer (EDX). For STEM analysis, a high angular annular dark field (HAADF) detector with a camera length of 160 mm was used. Cross section TEM (X-TEM) samples were prepared by conventional mechanical polishing followed by ion milling [14] .
Atom probe tomography (APT) was used to obtain quantitative information regarding the interface chemistry. APT was performed on four films; l ZrAlN 2 and 15 nm (T s 700°C), l ZrAlN (T s 900°C) in the as deposited state and after iso-thermal annealing. Atom probe specimen preparations were done in a dual-beam focused ion beam/SEM workstation implementing the in situ lift out technique [23] . A 200 nm thick electron beam Pt layer was deposited on the film surface to reduce Ga implantation during specimen preparation. The measurements were carried out using a LEAP™ 3000X HR CAMECA™ system in laser pulsing mode (532 nm wavelength) with repetition rates of 160 kHz, base temperatures of 40-50 K, and a laser pulse energies of 0.4-0.5 nJ. The data were reconstructed using the standard algorithm developed by Bas et al. [24] and analyzed with the software CAMECA™ IVAS 3.6.8. The total energy calculations were performed within the density functional theory (DFT) using the projector augmented wave (PAW) approach [25] implemented in the Vienna Ab initio Simulation Package (VASP) [26] . The Perdew-Burke-Ernzerhof generalized gradient functional (PBE-GGA) [27] was used to approximate the exchange and correlation functional and the plane-wave energy cutoff value of 500 eV was used. The reciprocal space integration was performed within the Monkhorst-Pack scheme [28] using a k-mesh of 5×5×1. To determine the thermodynamic equilibrium configuration of the multilayers, the in-plane lattice parameter, the c/a ratio and all the atomic coordinates were relaxed.
Hardness and Young's modulus were obtained using a load-controlled UMIS nanoindenter equipped with a Berkovich diamond indenter with a tip radius of approximately 150 nm. An optimum load of 12 mN was selected to avoid substrate effects and obtain load independent mechanical properties. A minimum of 30 indents for each film were used to evaluate the average and standard deviation of the contact hardness (H) and elastic modulus (E) using the Oliver and Pharr method [29] .
Results

Composition
The as deposited monolithic film composition was determined to Zr 0.43 Al 0.57 N and TiN (± 1.5 at. %) with nitrogen to metal ratio of 1 ± 0.05. Oxygen and carbon impurities account for less than 0.2 at. % while the Ar content is 0.8 at. % in the films. The Al content in the Zr-Al-N film is lower than that of the target by about 3 at. %, which stems from the preferential re-sputtering of Al at the growth front [14, 30] . The individual layer composition in the multilayers was estimated to be comparable to their monolithic counterparts based on the APT measurements. These observations suggest that the segregated Zr 0.43 Al 0.57 N, assume a nanoscale 3D composite structure with incoherent interfaces, where the AlN-rich regions assume a wurtzite structure, while the ZrN-rich domains are distorted and gives no diffraction signal in XRD or SAED.
XRD analysis
Despite the distorted ZrN-rich domains the nanocomposite film shows crystallographic texture as the surface energy minimization of w-AlN favors <0002> orientation in the growth direction.
Short period multilayers and coherent interfaces
In the short period multilayers l ZrAlN The overall epitaxial growth of TiN and ZrAlN layers is also evident from the continuous columnar contrast of BF-TEM images (Fig 3c and f) , more clearly seen for the multilayer of intermixed with TiN. These observations suggest that the short period multilayers undergo significant compositional modification at these high growth temperatures, which needs to be considered for metastable phase formation.
Influence of growth temperature on the interface structure in long period multilayers
The films with l ZrAlN = 10, 15, and 30 nm show similar x-ray diffractograms and thus the multilayer l ZrAlN = 15 nm is selected to be representative of long period multilayers. It was grown at T s = 700 and 900 °C to probe the variation on the interface structure of AlN domains. Fig.1) . The SAED pattern also shows an additional weak cubic 111 reflection indicating that the film has an additional orientation, which evolves completely after annealing and will be addressed in section 3.4.
APT was performed to unveil under pinning compositional effects behind the structural variation of l ZrAlN = 15 nm multilayers as a function of growth temperature. 
Interface chemistry and crystallography after annealing
The STEM micrograph in Fig. 5a, displays In Fig. 6 , SAED pattern of the annealed multilayer shows confined reflections of cubic and wurtzite phases similar to the as deposited multilayer (see Fig. 4d ). This is an important result indicating that the semi-coherent interfaces of w-AlN are stable even after isothermal annealing. However, it is to be noted that the c-111 reflections, which appeared weakly in the as deposited films and more distinctly after annealing. HR-TEM combined with FFT of lattice resolved images, SAED pattern, and our previous plan-view image analysis [11] revealed two different coherency relations of w-AlN lattice; type-I : c-ZrN (110) [001] / w-AlN [001] (Fig. 6c) in the lateral direction, and type II: c-TiN (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] / w-AlN (0001) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] in the growth direction (Fig. 6d) . Figure 6b provides the visualization of the crystallographic details of both these non-isostructural semi-coherent interfaces, where c-110 /w-10-10 (type 1) c-111 /w-0001 (type II) have the same in plane symmetry.
The as deposited multilayer (Fig. 4d) 
Predicted interface energies
First-principles calculations were performed to access the interfacial energetics of TiN/AlN and ZrN/AlN by using multilayer models shown in Figure 7 . The results presented in Fig. 8 shows that the relative energy difference is low between the iso-structural coherent interfaces with (100) and (111) The common in-plane lattice parameter of the multilayer and the strain values calculated in each layer are listed in table 1. In case of TiN/AlN, the strain values are largest for type I, followed by isostructural interfaces and are smallest for type II interfaces. In case of ZrN/AlN, the largest strain is found for isostructural interfaces, decreases for type I and is smallest for type II interfaces. It is to be noted that the higher thermodynamic stability of a type II interface is related to the lower misfit strain, combined with the fact that the AlN is in its stable wurtzite structure. Accordingly, the structural misfit and the bulk free energy can be suggested as a measure to predict the relative thermodynamic stabilities in chemically modulated structures containing different coherent interface structures. (Fig. 9 b) . More importantly, these multilayers display a stable H value of 34 ± 1.5 GPa, after isothermal annealing at 1150 o C. Note that this value is significantly higher than both the monolithic and multilayers of TiAlN and ZrAlN reported previously that consists of incoherent interfaces. We ascribe the superior hardness of the annealed films in the current study to the thermally stable semi-coherent interfaces between w-AlN and c-TiN, ZrN.
Mechanical properties
Discussion:
The current study investigates the crystal and interface structure of TiN/ZrAlN multilayer.
TiN attain a stable cubic structure, and grow epitaxially on MgO due to close match of lattice constants [32] . Zr 0.43 Al 0.57 N on the other hand is immiscible and segregates into ZrN and AlNrich domains during the growth. The growth temperature in the current study corresponds tõ 0.4 Tm, which sets the average ad-atom diffusion lengths to a few nm for the deposition rates used in this study [33] , resulting in formation of a nanoscale composite structure of ZrN and AlN. 
Influence of T s and l ZrAlN on crystal and interface structure
A substrate temperature of 700 o C enables segregation within the Zr 0.43 Al 0.57 N layers, however the ad-atom mobility is insufficient at the growth front for complete segregation into pure binaries. This information is extracted from APT analysis of the long period multilayers, revealing that approximately 10 at% Zr on the metallic sub lattice of AlN domains and ~ 30 at % Al on the metallic sub lattice of ZrN-rich domains. We suggest that this occurs substitutionary on the metal sublattice since the N-content is nearly stoichiometric. The high solute amount in ZrN-rich domains leads to a distorted lattice, whereas the lower solute concentration in the AlN-rich domains enable it to forms its stable wurtzite structure (Fig.   2d ). The resulting nanocomposite structure of w-AlN and distorted ZrN forms incoherent interfaces both in monolithic film and in long period multilayers.
The coherent interfaces between AlN-rich domains and c-TiN and c-ZrN only form in the short period multilayers (l ZrAlN ≤ 5 nm) which is a consequence of the formation of metastable cubic AlN-rich domains. The epitaxial stabilization of metastable c-AlN, caused by the minimization of the interface energy is reported in a wide range of multilayers when the layer thickness is less than the critical value [19, 36, 37] . However, chemical intermixing at layer interfaces generally occurs in multilayers and for short period multilayers these chemical gradients constitute a significant portion of the multilayer, as revealed in the case l ZrAlN ≤ 5 nm (Fig. 3h ). This has a positive effect on the formation of c-AlN by reducing the structural misfit with the template TiN layer. Hence, we suggest that the metastable phase formation in the short period multilayers is a combined effect of chemical intermixing and epitaxial stabilization. Beyond the critical layer thickness i.e. l ZrAlN > 10 nm, the template effect is lost and AlN domains assume its stable wurtzite structure with incoherent interfaces to the distorted ZrN domains similar to the monolithic films, which leads to termination of epitaxial growth between the layers of ZrAlN and TiN. for a wide range of materials [39] . The result is a chemically and structurally modulated structure ( Fig. 4e) with non-isostructural semi-coherent interfaces between c-ZrN and w-AlN inherited across the TiN layer for the whole film. This results in type 1 interfaces with a misfit strain of 7 %. To reduce the strain energy further, a competitive type II interface is initiated, where the c-TiN (111) grows epitaxial to w-AlN (0001). The MgO (001) surface promotes type I, interfaces and the evolution of type II interfaces is attributed to a higher thermodynamic stability with a lower misfit strain, which is also shown in the calculations.
Thermal stability of semi-coherent interfaces
The structural misfit across semi-coherent interfaces generates strain energy, which increases with the domain size. At elevated temperature, coalescence of w-AlN results in larger domains and higher strain energy that could result in formation of incoherent interfaces to relive the strain energy. Therefore, the thermal stability is an important criteria that qualifies the semi-coherent structural archetype for the elevated temperature applications.
The competition between the strain and interface energy sets a critical domain size, above which the semi-coherency is likely to breakdown. In the case of TiAlN, the critical domain size is ~15 nm, where the coherent c-AlN transforms in to incoherent w-AlN [40] . This relatively low critical domain size is an effect of c-AlN being a metastable phase with an energy penalty of 0.18 eV/atom with reference to its stable structure [41] . In contrast, for the w-AlN forming semi-coherent interfaces, the only driving force for the coherency breakdown stems from the strain energy. Therefore, the critical size of w-AlN domains to commence coherency breakdown is expected to be significantly larger and consequently results in higher thermal stability of the interfaces.
In the TiN/ZrAlN multilayers, the semi-coherency between w-AlN and cubic phases is retained after isothermal annealing at 1150 o C (Fig. 6 ). This is ascribed to: (i) relatively higher (Fig. 4d-f ) make them resistant to the coordinated shear displacement which results in higher hardness (Fig. 9b ).
More importantly, these multilayers show a stable and relatively high hardness (34 ± 1.5 GPa) even after isothermal annealing at 1150 o C. We suggest that the thermally stable semi-coherent interfaces between w-AlN and c-TMN domains offer both Koehler and coherency hardening similar to the isostructural interfaces between c-TiN and c-AlN. In addition, the non-isostructural semi-coherent interfaces provide an additional obstacles to dislocation glide due to the misorientation between the active glide planes (c-TiN {110} and w-AlN ) [47, 48] .
These findings show that semi-coherent c-TMN/w-AlN structural archetype achieves a high thermal stability when the interface crystallography and chemistry is tuned appropriately.
Thermally stable semi-coherent interface structure between c-TMN/w-AlN leads to a higher and stable hardness during elevated temperature annealing.
Conclusions
TiN/Zr 0. 43 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] orientation is promoted by the higher thermodynamic stability, also revealed by the first principle calculations.
Most importantly, the semi-coherency is retained after annealing at 1150 o C for 2 h which is attributed to higher thermodynamic stability of these interfaces structure and limited grain growth of w-AlN provided through confinement between TiN layers and ZrN domains. The semi-coherent interfaces offer both Koehler and coherency hardening mechanisms and thanks to thermally stable interfaces, the hardness retains to ~ 34±1.5 GPa after elevated temperature annealing.
In summary, we propose semi-coherent w-AlN structural archetype with appropriate interface structure as a promising approach to make films with high hardness and with improved thermal stability compared to films with isostructural c-TMN/c-AlN interfaces.
